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ARTICLE INFO ABSTRACT

Keywords: This research article proposes an advanced control strategy based on a finite control set model predictive
V"_ltage source inverters controller (FCS-MPC) for parallel-connected voltage source inverters (VSIs) for standalone operation of AC
Grid forming converters microgrids (MGs). The AC MGs may be consisted of two or more parallel connected VSIs connected and have

Standalone operation
Model predictive control
AC microgrids

ability to regulate the output line to line voltages at the point of common coupling (PCC) sustaining the local
power demand. It is possible to attain these functionalities using traditional and linear control approaches, but
there exist several challenges like sensitivity problems associated to parametric and non-parametric variations
and they are unable to handle with existing constraints in system and resulting in slow dynamic response. An
imperative feature of this research study is that proportional integral (PI) as well as proportional resonant (PR)
controller based VSI was designed, studied and its performance was compared with FCS-MPC based VSI. The
proposed FCS-MPC-based scheme handles several challenges effectually by confirming a stable and robust
operation for Gridforming (GFM) inverters of AC MGs. In this scheme, the voltage reference over the predictive
horizon is tracked by formulating a cost function (CF) and droop control is used to attain power sharing among
distributed generations (DGs). The operation of standalone AC MG is authenticated by extensive simulations in
MATLAB/Simulink environment, demonstrating that the FCS-MPC strategy shows quick dynamic response,
improved power quality as well as enhanced voltage stability. The simulation results also reveal that total
harmonic distortion (THD) of output line to line voltages is 0.86% for linear loads and 0.98 % for nonlinear loads,
verifying that the THD level is primarily in the acceptable range defined by the IEC as well as IEEE standards,
highlighting the AC MG system’s compliance with international standards.

of electrical energy is still produced from non-renewable energy re-
sources. So, fossil fuels are being depleted rapidly. Lately, strategies, for
example, feed-in tariffs, along with the prevention of global warming to
encourage the use of renewable energy systems, have been applied [5].
Thus, energy production approaches which practice sustainable energy
have captivated momentous attention [6]. Power electronics converters
significantly expand power utilization from RERs or DGs through
advanced MGs to minimize electricity expenditures besides reducing
dependency on power from utility grids.

The MGs are an evolving perspective in the contemporary era,
directing to advance the power quality distributed to the neighbourhood
loads and guaranteeing an enhanced and trustworthy power supply in
several progressive contexts. The MGs face severe challenges of fre-
quency and voltage control due to the increased inverter based power
generation [7]. So, MGs have a substantial importance in realizing the

1. Introduction

Nowadays, the entire world is directed towards the use of Renewable
Energy Resources (RERs). Different types of renewable energy exist in
each country across the world. There has been immense progress in the
field of green energy as well as the power harvesting approaches from
RERs in the previous decade [1]. It is assessed that there is still a sig-
nificant possibility of progress remaining in the field of RERs in the near
future [2]. It has been noted recently that the world’s energy systems are
preparing to “decentralize, decarbonize, and democratize,” in many
cases from the bottom up [3] because there is a constantly increasing
demand for electrical power energy due to the rise in population and
industrial growth [4]. The power production industry suffers various
problems, like the continuous energy supply at lower costs. The majority
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Nomenclature

FCS-MPC Finite control set model predictive controller

VSIs Voltage source inverters
MGs Microgrids

CF Cost function

DGs Distributed generations

THD Total harmonic distortion
RERs Renewable Energy Resources

GFM Grid-forming

PWM Pulse width modulator

DERs Distributed energy resources

P Active power

Q Reactive power

\Y Voltage

f Frequency

® Angular frequency

I, Current before the filter inductor

Veap Voltage across the capacitor/output voltage
Tout Output current

L Equivalent series resistance of inductor
Ce Filter capacitance

L¢ Filter inductance

Vx Input voltage from inverter
Vin DC link voltage

Pcar Measured active power for droop control
Qcal Measured reactive power for droop control
v* Reference voltage

0SS Optimal switching sequence
osv Optimal switching vector

f= Reference frequency

Sopt Optimal switching states

P. Change in active power

Qc Change in reactive power
Tsamp Sampling time

®* Reference angular frequency
Vi Nominal voltage

®n Nominal frequency

Sa Sby Sc, Legs of the three-phase VSI
Vin DC link voltage

p* Reference for active power
Q* Reference for reactive power
LPF Low pass filter

LV Low voltage

larger penetration of RERs [8], and it is possible to configure these MGs
in islanded or grid-connected operations depending on the economic
and physical features of the region [9]. MGs can be classified into
distinct categories. These categories are generally dependent on control
strategy, distribution, means of operation, and generation sources.
Centralized, decentralized, alongwith distributed mechanisms are based
on the control methodologies of MGs. A central controller is required for
a centralized control mechanism and is linked to generation sources and
loads with the help of communication systems. This controller acquires
as well as evaluates data from all neighbouring controllers to find op-
timum solutions without reiterations [10]. It can be considered a more
straightforward controller because it is able to control power deliver-
ance from a defined point. Still, it has many challenges associated with
latency, communication protocols, scalability, and the single point of
failure. Also, some critical issues related to the centralized control
mechanism for MGs in distant sites make this scheme unrealistic and
very expensive [11]. Since the central controller is not present in a
decentralized control scheme, several control units possess separate
control instructions [12]. A comprehensive comparative analysis be-
tween AC and DC MGs is provided [13,14]. In modern energy networks,
renewable power-based DGs are more prevalent near the consumer
premises to meet the load demand [15,16,1].

From the above discussion, it is clear that the developed and
designed MGs should be simply well-balanced and manageable [17,18].
These MGs can be classified as DC and AC MGs. The best application of
DC MGs is at what time the generation sources are DC, e.g., solar panels,
the electrical appliances, and loads to be connected are fundamentally
DC, and the network used for interconnecting them should be DC as well
[19]. The DC MGs are more attractive regarding control strategies and
efficiency, but an AC power supply is needed for the most traditional
loads [20]. Power electronic converters, which act as an interface be-
tween RERs and an AC bus in the AC MGs, are necessary to handle the
power flow. Among these power electronic converters, voltage source
inverters (VSIs) are of pivotal importance in AC MGs because of power
quality enhancement, power flow control, grid integration flexibility,
modularity, scalability, quick dynamic response, and islanding detection
and control. Nowadays, a considerable amount of power is obtained
from uncontrollable natural resources having different dynamic aspects
as well as steady-state features of DGs; thus, MGs possess numerous
features and benefits that distinguish them from traditional power

infrastructures, for example, enhanced flexibility and reliability [21,22],
utilizing and capturing of energy produced as a by-product during the
power generation procedure in DGs from coupled MGs, and use of these
DGs apart from disrupting the main system proficiency [23].

The AC MGs can coordinate and control multiple VSIs simulta-
neously, providing greater flexibility than individual RERs working
individually. Due to the lack of inertia and constant voltage source, the
control mechanism of parallel connected VSIs forming an AC MG be-
comes challenging. These VSIs can be categorized as grid-feeding, grid-
supporting, and grid-forming (GFM) converters based on their func-
tionality. The grid-supporting and grid-feeding VSIs universally operate
in grid-connected operational mode. In these operating modes, they
actively interact with the grid and are synchronized with the power grids
for the purpose of either providing stability and support (grid-support-
ing) by regulating frequency, voltage, and power control-related func-
tionalities or supplying power to the utility grid (grid-feeding). To
ensure the most effective control mechanism for these VSIs, exploring
the reliable control schemes of the AC MGs is necessary. In grid-
connected MGs operations, PQ control is usually deployed to give and
take reactive and active power between the utility grids and MGs by
maintaining and synchronizing frequency and voltage levels in an
acceptable range [24-26]. The V/f control is generally used in islanded/
stand-alone operating modes. This control strategy is sensitive to tem-
perature drifts, crystal differences, and ageing, causes voltage and fre-
quency deviations, and is usually not preferred for parallel-connected
inverters [27]. In stand-alone operation, this strategy ensures frequency
regulation by controlling output active power, while voltage is regulated
by controlling output reactive power [28-30]. Several control schemes
have been proposed in the literature regarding MG’s different func-
tionalities and operating conditions. Among them, the hierarchical
control scheme is the most stated one for control of MGs, wherever
several existing control strategies can be observed in its context [30].
Primary, secondary, as well as tertiary-level control schemes are
considered essential components of the most typical hierarchical control
structure [31-34]. It is usually necessary to accomplish the operation of
the parallel connected VSIs in a decentralized manner [35], where no
external communication is required. For this purpose, the conventional
droop control scheme and its several advanced modified forms are used
[36-40]. In these schemes, the droop controller generates the voltage
reference, which operates in the outer control loop and modified droop
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isintroduced in [41]. In addition to this outer loop, an inner control loop
receives this voltage reference. This inner loop usually consists of a
voltage regulation loop and virtual impedance [42]. The fixed output
impedance value is established using virtual impedance, thereby
enabling reactive and active power control decoupling [43]. In contrast,
voltage regulation is achieved by controlling the output voltage at the
filter following the specified reference value. The overall VSIs control
schemes of AC MGs based on conventional ways are pulse width
modulator (PWM) techniques and hierarchically systematized linear
loops [39,44,45]. This method has some practical limitations; for
instance, the bandwidth of the outer loop is intentionally set with a
smaller magnitude than the inner loop, resulting in a slower transient
response [46].

Besides this, the control parameters of the system have a critical role
in the overall system’s stability. Therefore, careful considerations are
necessary to tune these control parameters [47]. Ultimately, the usual
hypothesis in the majority of research publications is based on a stan-
dard sampling value of all the VSIs by default, so practically achieving
this condition demands the synchronization of several operating VSIs as
well as fundamentally regulated like a single converter, resulting in an
apparent conflict for the enthusiasm of the decentralized control
approach [48]. Therefore, MGs should be controlled intelligently to
ensure smooth performance and control scheme of VSIs of AC MGs
should present a quick dynamic response for input voltage variations
and load transitions. Based on quick dynamic performance, a fascinating
approach to realize precise tracking of the voltage reference is using
MPC for GFM VSIs. Some of the commonly used control schemes of MPC
are optimal switching sequence (OSS) based MPC, optimal switching
vector (OSV) based MPC, generalized MPC, and explicit MPC. The OSS-
MPC can handle both non-linear and linear problems, but it has been
known as the one which consumes the most time to computational ef-
forts. The OSS-MPC does not need a modulator and it works under a
constant switching frequency. The cost-function is minimized online
with allowed constraints and possess short prediction horizon and al-
gorithm complexities are intuitive [49,50,51]. While generalized MPC
also works under a constant switching frequency and deals with un-
constrained linear problems with minimum computational efforts. But it
needs a modulator and typically practices complex algorithms
complexity as compared to other control schemes as well as it is
distinguished by long prediction horizon [52,53]. The explicit MPC has
low computational cost and is mostly used for nonlinear constrained
problems and modulator is also required for its operation while cost
function is minimized offline and possesses complex algorithm and long
prediction horizon [54,55,56]. The OSV-MPC based control scheme can
solve both linear and nonlinear problems, and has a high computational
complexity. Like OSS-MPC, it also does not need modulator and also
usually has short prediction horizon and possesses intuitive algorithm
[57,58,59].

The FCS-MPC which belongs to OSV-MPC is implemented in this
study and it uses a discrete set of voltage vectors. The VSIs then use these
voltage vectors to switch their output. To conclude, an overview of
dominated control schemes with pros and cons for VSIs and MGs is
provided in Table 1. To organize and show the effectiveness of the
proposed solution, the remaining sections of this paper are presented in

Table 1
Overview of main control schemes for VSIs.
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the following sequence. The section 1 encapsulates the introduction,
including the background, literature review, and dominant control
strategies of VSIs for MGs. The section 2 provides the system description.
The section 2.1 succincts the droop control strategy for power sharing
between DGs. The section 3 summarizes the mathematical representa-
tion of Distributed Energy Resources (DERs). The VSI is modeled in
section 3.1. The section 3.2 system dynamics and state space represen-
tation. The cost function is formulated in section 3.3. The section 3.4
discusses the theoretical analysis of the proposed scheme. The section 4
provides results and discussion for the proposed control mechanism. The
analysis for VSIs for AC MG is listed in section 4.1. The detailed simu-
lations for VSI based on PR controller are provided in section 4.2. The
analysis for VSI based MPC is provided in section 4.3, while character-
ization of load transitions for individual inverter are given in section 4.4.
Moreover, comparison of performance for PI, PR and MPC based VSI is
demonstrated in section 4.5. Similarly, analysis of standalone AC MG
under steady-state conditions is provided in section 4.6 and character-
ization of load transitions for AC MG is detailed in section 4.7. Finally,
section 5 provides the conclusion of this study.

2. System description

The circuit diagram of VSI used for AC MG is depicted in Fig. 1. The
purpose of these VSIs is to operate like an ideal primary AC voltage
source. In the stand-alone operation of AC MGs, these VSIs establish a
reference voltage for the load system of AC MGs without relying on the
external utility grid connection. The current before the filter inductor
(I), the voltage across the capacitor (Vcap), and the phase to phase
output current (I,;) of the load are measured initially; then, these
measurements are converted into a two-phase orthogonal reference
frame. The system achieves smooth output voltages and handles load
transitions with the help of MPC and droop control.

For the challenging multiple-objective control problem of multilevel
inverters (MLIs), MPC has shown significant potential to control it [60].
Several modifications have been made over the past few years in MPC
for MLI applications, including the reduction of computational work-
load, design of cost functions, modeling accuracy, and realization with a
long forecast horizon. Thus, MPC is an effective control technique that
employs an optimization-based control approach. It uses a dynamic
process model for predicting the future behavior of the systems state
variables as well as outputs. The problem of optimizing control objec-
tives is formulated, with the inputs to the system acting as control var-
iables. This problem is then resolved at different intervals within the
prediction horizon by the predictive model, showing how the input se-
quences affect an objective function value. Finally, the system receives
the initial input control action. It helps in controlling multiple variables
regarding the power electronic switching devices as it deals with several
challenges found in real world conditions related to voltage, current,
frequency and power control operations under different conditions
providing fast dynamic response and improving the power quality for
AC MGs. The overview of proposed control scheme for VSIs of AC MG is
illustrated in Fig. 1.

Performance indicators PI/PID Sliding Mode Dead-beat Artificial Neural Network-based Model Predictive
Controllers Controllers Controllers Controllers Controllers
Theoretical framework strong strong intermediate low strong
Computation Burden limited intermediate ordinary limited more
Sensitivity metrics high robust ordinary depends on data tunable
Tackling Non-linearities cannot can can can can
Tackling system cannot cannot cannot can can
constraints
Intuitive design limited intermediate ordinary limited high
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DC d> Circuit — Power L
Source \Z Breaker—— Load
‘Veap (abc)
Sopt IL(abe) Lout (abc)
Vcap’u (Ref) V) Predictive C
Cost Function Model 2 apd
- Vﬂ (t+1)
Equation (32) Equation (26) Veap (ap) Lout (ap)
Vapp (Ref) v Peat [ o
Vioe p Qi of Power
Equation (4,5) Equation (1,2)
Fig. 1. Circuit diagram of three-phase voltage source converter based on MPC.
2.1. Droop control
V =V, - nQ. (5)

Frequency instability is exacerbated by the intermittency and sea-
sonality of the RERs. If VSIs are connected in a parallel way forming a
microgrid, then droop control is widely used in power systems to handle
the frequency deviation and power sharing between DGs. In the droop
control method, first instantaneous active as well as reactive powers are
calculated using Equation (1) and (2) from measured output voltage and
current.

Pmeasured = Vcap,a ><Iout.ax + Vcap.ﬁ‘ XIout.ﬁ (1)
Qmea.su.red = Vcap,/iXIout.a - chp.a ><Iout./i (2)

A low-pass filter (LPF) is used to reject the main harmonics of measured
power. This LPF stops the control mechanism to take action against the
transient fluctuations, and the transfer function of the low-pass filter is
given in Equation (3). Each DG has its own droop control characteristics
to share the power demands accordingly.

1
T Function = ——— 3
ransferFunction 15 5Tom 3)

The droop control can be represented mathematically by Equations
(4) and (5) [61].

o =0, — mP, 4)

*
[Prcmrsa}— =

The angular frequency is regulated from the active power, where
reference angular frequency is denoted by ©*, o, represents nominal
frequency, frequency droop is denoted by m,, and change in reactive
power and active power is represented by Q¢ and P¢ respectively.
Equation (4) and (5) describe the relation between voltage deviation and
output reactive power change. Where actual or controlled voltage is
represented by V, the magnitude of nominal (reference) voltage is rep-
resented by V*. Then this reference voltage is converted to ap0 reference
frame as depicted in Fig. 2.

3. Mathematical representation of distributed energy resources
for VSIs

The schematic of the model predictive controller along with three-
phase, two-level VSI under this research study is shown in Fig. 1.
Firstly, it is necessary to determine the filter parameters and discrete-
time modeling of the power converter because they are required to
establish the optimal action as a result of the minimization of CF. This
lowest value of CF assists the controller for further control action for the
subsequent sampling interval. The optimal performance of the proposed
controller is achieved by finding an accurate mathematical representa-
tion of the VSI and its filter values. For mathematical modeling of the
VSIs, three-phase voltages and currents are converted into two-phase
quantities using the apO stationary reference frame, a frequently

‘A\)cd\’,“ = Vop(Ref)

Fig. 2. Droop control and voltage reference generation.
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employed method in the control strategies of VSIs.

V = Va +jV/1 = Tsamp[Vas va Vc] (6)
I= I(l +jI/i = 7samp IuvIb: Ic] (7)

where Tsamp represents the sampling time interval, and it is given by:

Tsamp — % [ei2ﬂ/3 ej‘“‘/ﬂ 8)

This frame of reference is derived from the abc frame of reference
using Clarke transformation, and in this frame, the o-axis is obtained
from all the three-phase quantities, and the p-axis achieved from two
phases, “b” and “c”, and then taking a difference from phase “a” and can
be written as;

2 1 1
V\xfgva_gvb_gvc (9)
2/-1 1
Vi=5s|—=W+—7=V. 10
=5(7% %) (o

The transformation of three-phase quantities to af0 frame is neces-
sary to develop smooth and easy control of VSIs. In this way, analysis
and control design of the system becomes more straightforward and
enables reliable and stable operation in power networks using this
transformation as compared to dqO0 transformation.

3.1. Modeling of voltage source power converter for AC microgrids

Since there are three legs, S,, Sp and S, for the three-phase VSIs, and
each leg is consisted of two switches, and only one switch can be turned
on in each leg, so there will be a maximum of two possible switching
states for each leg of VSIs as described below in Equation (11)-(13). It is
possible to determine the voltage between each leg of VSI and a point N
by multiplying the voltages at the DC link (Vip) and the present switching
state of the corresponding leg of VSIs:

S — 1; SwitchS1isturnedon, whileSwitchS4iskeptoff an
@7 | 0; SwitchS1isturnedoff, whileSwitchS4iskepton

S — 1; SwitchS2isturnedon, whileSwitchS5iskeptoff a2)
b= 0; SwitchS2isturnedoff , whileSwitchS5iskepton

S - 1; SwitchS3isturnedon, whileSwitchS6iskeptoff a3)
¢ 7| 0; SwitchS3isturnedoff, whileSwitchS6iskepton

VaN = Sa X Vin (14)

Vin = Spx Vin 5)

Ven = Sc X Vin (16)

Switching states of all three legs of VSIs, which are found using Clark
transformation, are given in Table 2.

Now a-f illustration of the three-phase output voltages for three
phases of VSI can be stated in terms of the switching states of three
upper-leg switches:

s
v.] 2,71 -1/2 172 7[5
{Vﬁ}_?’"’{o V3j2 V32| an

3.2. System dynamics and state space representation

The filter of the VSI is responsible for suppressing switching har-
monics and minimizing ripples of current and voltages. This filter is
consisted of an inductor (L) and a capacitor (C). The equivalent series
resistance of inductor, voltage across capacitor, filter current, and

International Journal of Electrical Power and Energy Systems 163 (2024) 110317

Table 2
Switching configuration of three phase VSIs.

Vector states Sa Sp Sc Space Vector Vectors Placement
1 0 0 A 2Vin/3
1 1 0 Vo Vin | . Vin
2 Jin g7
3 Y3
Active states 0 1 0 7; Vin +jﬁ
3 V3
0 1 1 Vi —2Vin/3
o1y ViV
3 V3
O Via_;Vin
3 V3
Passive states 1 1 1 W 0
0 0 0 A 0

Vo

output current are represented by Vcap, I, and Ioy. The dynamic
behavior of the capacitor and inductor of the LC filter of the VSI as given
in Equation (18) and (19):

av,

Cf% = Icup =1 _Iout (18)
dr

Lfd—tL =Ve—L.1,— Vg (19)

The Vi represents the permissible voltage vectors from the three
phase VSI which are provided in Table 2. So, the state-space represen-
tation of equations (18) and (19) can be defined as:

dx
— =Ax+B 2
dr X+ By (20)

For three-phase VSIs, the values for x, y, A and B are defined as:

| Ve a2 - 0 1/C 0 -1/C
= { L }*3’_ {Iom}’A_ {—1/L —rL/L}’B_ [1/L 0 @0
3.3. Formulation of cost function

Now, it is necessary to convert the linear differential Equation (18) to
a discrete-time domain representation using the forward Euler method
because it is compulsory for approximating differential terms with finite
differences. Equation (18) can be written in explicit form where the state
vector is represented by x(t) and transition matrices are denoted by “A”
and “B”.

X (t) = Ax(t) +By(t) (22)

If sampling time (Tsamp) is taken into consideration with a time step, the
discrete time state for the next stage can be written as:
X(t+1) = Tamp[A-x(t) +By(t)] +x(t) 23)

Since el XA x5 [+ Ty x A (24)
Now, after solving Equation (23), it can be written as:

x(t+1) = e"mw x(t) + A~ (" —1) {B'}(,)(t) }
e e . | 0 } [B.y(t) } 25
0 ATaw ]| By(t)
Further simplification of Equation (25) yields:
x(t+1) = x(t).e*™w —By(t).A™" (Ioxz — €2 Tom) (26)

In Equation (26), the identity matrix is denoted by “I"” and equation (26)
can be described as:

x(t+1) =x(t).L -By(t).M 27)
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where L = e*Taw and M = A~! (I« —e*Tm) are state transition matrix
and impact of regulated input upon individual time step respectively. If
Vi« and Vy g represent the voltage vectors of different possible
switching states of three phase VSI, then in a0 frame of reference, it can
be written as:

vx,azgvm[o 11/2 -1/2-1 -1/21/2 0] (28)
Vx,/;:gvm[o 0v3/2 v3/20 —V3/2-v3/2 0] (29)

Now, it is possible to predict the next stage with the help of existing
stage as well as possible control action in ap0 frame of reference using
equations (30) and (31).

X(e11)e = emomA { VI"LQP'" :| +A (e —I)B { VIX'"t(t) } (30)
Ned out,a
V. - Viep(t

X1y = el [ I‘L“‘/’}/j} +A7 (e —I)B I"O‘i(ﬂ)} 31)

where “t” represents the chosen switching stage among eight possible
switching states of VSI and Vcap, o and Veap, p represent the existing stage
voltages in in ap0 frame of reference. These predictions are used by MPC
algorithms to assess how fine potential control actions are aligning with
required reference voltages. After this, it is necessary to formulate the CF
to control the capacitor voltage efficiently using reference voltage and
voltage of predicted stage.

2 2
CF = (Vcap,a(Ref) - Vcap.a(t+1)) - (Vcap,/:‘(Ref) - Vcap,/i(t+1)) (32)

3.4. Theoretical analysis of the proposed scheme

After modeling of three phase VSI, its state space representation,
developing a discrete time domain model and formulation of cost
function, it is necessary to use the discrete time domain model to form a
prediction horizon for predicted states. If “A” is discrete time matrix, x(t)
is state vector for instant “t”, j is time step, the prediction of switching
states at the instant “t + j” is represented by t +j; based on the infor-
mation existing at instant “t” then predicted horizon will be:

j-1
x(t+je) =Alx(t) + Y A'Bu(t+j—-1-1) (33)
=0

Now the minimized cost function over the predicted horizon can be
written as:

Np

=3 {(Vcap,amef) — Veapaterin) —

2
(Veapsine) = Veapsicsio)” | (34)
i=0

The stability of the system can be assessed using a scalar function
called Lyapunov Function which is denoted by V(x). If symmetric defi-
nite matrix is denoted by “P” and P > 0 then the performance of a
controller is stable if Lyapunov function is decreasing over time and it
can be expressed as:

V(x(t)) = x(t") x P.x(t) (35)
The Lyapunov function for next sampling instant can be expressed as:

Vix(t+1)) = (x(t+1))" x Px(t+1) (36)
Using the state equations, the updated equation for Lyapunov func-

tion is:

V(x(t+1)) = Ax(t) +Bu(t)" x P.Ax(t) +B.u(t) 37)
Thus, it is concluded that if V(x(t + 1)) — V(x(t)) < 0; then system

under MPC is stable. The Lyapunov function helps to analyze the system
stability. Assessing the control process effectiveness in MPC for a three-
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phase VSI involves an investigation that considers several factors such as
tracking error, response time and total harmonic distortion (THD).
These aspects combined, play a role in determining how the control
strategy aligns with the systems operational goals.

4. Performance assessment
4.1. Analysis for VSIs for AC MG

Initially, the individual VSIs for AC MG are simulated in MATLAB /
Simulink environment under different load scenarios. The VSIs for
proposed AC MG simulated are shown in Fig. 3.

The parameters used for the simulation of individual inverters for AC
MG are provided in Table 3.

4.2. Analysis for VSI based on PR controller

Initially the VSIs for proposed AC MG are simulated using PR
controller. The VSIs are habitually dependent on RERs. These RERs are
non-inertial and usually generate variable power. So, droop control
plays a pivotal role for stabilizing frequency to ensure efficient and
stable operation. The droop coefficients are denoted by m;, and ng, The
simulation results for individual VSI using PR controller are shown in
Fig. 4. It can be observed in Fig. 4 that phase to phase voltages and
current are sinusoidal waves initially with some over shoot and under
shoot with the resistive load but later on voltages and current are
completely sinusoidal.

The output power of resistive load and angular frequency of PR
controller based VSI is shown in Fig. 5. The complexity of the control
schemes is also reduced using droop control for regulating the frequency
in a non-communicative way because it also enables a decentralized
control approach where several VSIs can correspondingly share load
variations. Moreover, it is specifically advantageous in isolated or
remote locations where installing general communication setup is
unfeasible.

The voltage stability of the PR controller based VSI is observed by
connecting two loads of 7.5 kW, i.e. initially a load of 7.5 kW is con-
nected and after 1.5 s another load of 7.5 kW is connected to observe the
behavior of VSI in load transitions as can be seen in Fig. 6. It is evident
from Fig. 6 that there is slight fluctuation in voltage for a moment and
then PR controller is able to stable the line to line voltages and current is
doubled with the addition of second load.

Moreover, when 2nd load is disconnected, the voltage and frequency
fluctuations and restorations at 2.5 s can be seen in Fig. 7 and line to line
current is restored for RL load of 7.5 kW and 7.5 kVAR. When 2nd load is
disconnected, the angular frequency is slightly reduced but droop con-
trol performs well and angular frequency remains within tolerable
range.

4.3. Analysis for VSI based on MPC

It is evident from Fig. 4 and Fig. 7 that PR controller performs well
but it has slightly higher over shoot and undershoot in phase to phase
voltages and current and its dynamic response is also slow which can be
observed in section 4.2. Therefore, an advanced control scheme based
on FCS-MPC is proposed for VSIs of AC MG to reduce overshoot and
undershoot in phase to phase voltages to get stable and smooth voltages
with quick dynamic response for load transitions. It can be observed in
Fig. 8 that when a resistive load is connected, the MPC based VSI pro-
vides the output phase to phase voltages with negligible overshoot or
undershoot 5 milli seconds.

The output power and behavior of frequency for single purely
resistive load of simulated MPC based VSI is shown in Fig. 9.
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Table 3
Simulation parameters for VSIs in AC MG.
Parameters Values
Input voltage 1000 V
Sampling time 1pS
Capacitor 16 pF
Inductor 13 mH
Equivalent series resistance of inductance 0.7 mQ
AC disturbance voltage in input dc voltage 80V
Resistive load 1 15 kW
Resistive load 2 15 kW
RL load 1 15 kVAR
RL load 2 15 kVAR
Nonlinear load 1 (bridge rectifier with resistive 9Q
load)
Nonlinear load 2 (bridge rectifier with resistive 5Q
load)
System frequency 50 Hz
Droop coefficients m;, = 0.000014, ny =
0.000014
Phase to phase output voltage 326V

4.4. Characterization of load transitions for individual inverter

In order to confirm the robustness of proposed control scheme, each
inverter should be tested with single load and multiple loads up to 15
kW. Therefore, each VSI is connected to a 7.5 kW initially and later on,
another load of 7.5 kW is also connected, and output phase to phase
voltage and current across the loads are observed to see the behavior of
the controller during load transitions. Fig. 10 depicts that the proposed
controller shows a quick dynamic response during load transition with
smooth output voltage and load current. When a load 7.5 kW is con-
nected, inverter is providing 46 A current and an output phase to phase
voltage of 326 V across the load, but with the addition of 2nd load of 7.5
kW, the inverter is smoothly providing 92 A current and 326 V across
load. Fig. 10 depicts that the proposed controller shows an immediate
response during load transition with smooth current and voltages to the
terminal load. From the above discussion, it is clear that individual VSIs
are capable of handling the load demand of 15 kW with the proposed
control scheme. Then, several tests, like variation of loads and addition
of AC voltage as a disturbance in the DC input voltage are performed to
confirm the robustness and stability of the proposed control scheme

during steady state operation.

After this, the behavior of proposed control scheme is validated for
resistive-inductive (RL) loads because RL load characterized by its
resistive and inductive properties, exhibits explicit challenges for
instance, slower response time due to inductance and potential for os-
cillations where RL load demanding 7.5 kW active power and 7.5 kVAR
reactive power is connected to VSI as depicted in Fig. 11. The MPC
considers these characteristics inherently in its predictive model.

The key advantage of MPC is its ability to handle multiple control
objectives simultaneously, such as sustaining the output voltage at the
anticipated level, minimizing the current ripple, and confirming effec-
tive operation of the VSIs.

4.5. Comparison of performance for PI, PR and MPC based VSI

If a battery of 1.2 Ah is connected as a voltage source with VSI, the
VSI is tested for PI and PR based control scheme to analyze its perfor-
mance and depth of discharge (DOD) based on PI and PR controller at
40 % state of charge (SOC) of battery. It is evident from Fig. 12 and
Fig. 13 that if a resistive load of 10 kW power is connected then using PI
and PR controller, VSI looses its power rating at approximately 30 s
where DOD of battery is approximately 70 % and 69 % respectively.

The parameters of battery used in simulation to see performance of
PR controller are given in Table 4.

Now the simulation results for MPC based VSI are shown in Fig. 14 to
observe the DOD of battery and VSIs continue to work with the rated
power up to 72 % of DOD of battery.

The performance of MPC based VSI in order to overcome the over-
shoot, undershoot, dynamic response, load transitions and % THD is
better than PR controller based VSI., therefore MPC based control
scheme was utilized and further studied for standalone AC MG.

4.6. Analysis of standalone AC MG under steady-state conditions

Eventually two DGs having VSIs are connected in a parallel way,
forming a stand-alone MG as shown in Fig. 3, then droop control has
been used as a primary controller, while MPC is implemented to regulate
the output voltage of the AC MG. In the MGs, the control strategy of the
GFM converters is based on a closed-loop control to keep the load
voltages stable. Simulation results for phase to phase voltages across
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load in the stand-alone operation of AC MGs are presented in Fig. 15
under normal operational situations and load transitions when two loads
are connected in the AC MG.

The two VSIs are connected in a parallel fashion, so their currents are
added up at point of common coupling (PCC) and then provided to the
load as shown in Fig. 15. Moreover, it is also depicted in Fig. 15 the
required load current of 92 A and phase to phase voltage of 326 V are
stable and smooth. Similarly, If RL load demanding 15kw active power
and 15 kVAR reactive power is connected at the PCC, then the fre-
quency, output voltage, active power and reactive power for RL load of
AC MG are shown in Fig. 16.

Fig. 16 shows that the phase to phase voltage at the load side is stable
with a load of 15 kw power rating.

4.7. Characterization of load transitions for AC MG
The load transient analysis is performed for parallel connected in-

verters in this section. Initially, a single load of 15 KW is connected to AC
MG. Then, at T = 1.5 s, an additional load is connected, and it can be

seen that the output current and voltages are stable, and there is a
smooth transition with increased load. The steady and stable output
voltage and load current can be observed in Fig. 17.

Finally, the second load is again disconnected at T = 2.5 s, and
simulation results can be observed in Fig. 18 for parallel connected VSIs
in the stand-alone operation of AC MG.

The AC MG is also tested for RL loads, the active power, reactive
power and frequency for RL load can be seen in Fig. 19.

In addition to this, verifying the performance of the standalone AC
MGs control strategy with nonlinear loads is vital due to the inimitable
challenges and influences that nonlinear loads instigate in the power
systems. Therefore, nonlinear loads and their transitions are also
established for AC MG. The existence of nonlinear loads for VSIs
eminently influences the validation of control schemes of VSI because
nonlinear loads generally produce harmonics because of their distorted
or non-sinusoidal current draw. Therefore, MPC based VSIs are also
tested for nonlinear loads as shown in Fig. 20.

It can be observed in Fig. 20 that a nonlinear load is significantly
creating distortion in the current. This non-sinusoidal current drawn can
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significantly introduce instabilities in the output voltages of the AC MGs
if the control scheme is not advanced and well designed, but it can be
seen in Fig. 21 that MPC based control scheme provides an efficient
method for managing the overall system’s dynamics and voltage sta-
bility. Initially, the connected nonlinear load is drawing and 46 A till 1.5

10

s and then another nonlinear load is added and now there is 92 A current
due to two nonlinear loads. Finally, at 2.5 s the second nonlinear load is
disconnected as it can be seen in Fig. 20. The simulation results for the
behavior of frequency of the overall line to line current in AC MG system
can also be observed in Fig. 20 during nonlinear load transitions.
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Nonlinear loads can cause significant frequency and voltage fluctu-
ations, which the MPC counters by adjusting the operation of inverters
as can be noticed in Fig. 20 and Fig. 21. By opting its predictive capa-
bilities and dealing multiple control objectives, the MPC can effectively
manage the complexities introduced by nonlinear loads, ensuring reli-
able and stable voltages in the microgrid. Thus, MPC-based control

nonlinear loads in microgrids which results in regulating line to line
output voltage, and mitigating harmonic distortions caused by the
nonlinear loads as shown in Fig. 21. The THD investigations, particu-
larly regarding output voltages in the standalone AC MGs, when having
multiple linear and nonlinear loads is necessary to confirm the power
quality assessment. The output current is in proportion to the voltage in
case of linear loads, ensuing in a sinusoidal current waveform which is
inherently in phase with the voltage for GFM VSIs in the AC MGs. In this
situation, the primary concern for THD is naturally external, stemming
from the supply side. Thus, with linear loads, an MPC-based control
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scheme primarily focuses on recompensing for any harmonic distortion
initiating from the power generation sources. Keeping this point in
mind, the AC MG was also tested by adding a disturbance of 80 V AC
voltages in the supply side to observe the behavior of the proposed MPC
for the standalone AC MG.

It was observed that the MPC can predict and adjust the operations of
inverter-based power generation sources within the MG to diminish the
impact of these harmonics, guaranteeing that the voltage supplied to
linear loads remains entirely sinusoidal as well as stable. On the other
hand, nonlinear loads intrinsically draw current in a non-sinusoidal
way. This non-linear current draw introduces harmonics into the
power system, impacting the THD levels. In these cases, the role of MPC
becomes more complex as well as critical. It must uninterruptedly

12

forecast the current harmonics generated by nonlinear loads and
dynamically control the VSIs to respond these harmonics to deliver
stable and smooth output voltages. In the proposed control scheme the
THD of the output voltage for linear and nonlinear loads in these
simulation results is 0.86 % and 0.98 % respectively, that is quite fine
and in accordance with IEEE standards and codes. The THD for linear
and nonlinear loads using improved FCS-MPC for AC MG can be
observed in Fig. 22.

The performance analysis of different control schemes based on their
THD and the complexity of implemented controllers is summarized in
Table 5. Table 5 illustrates that the proposed control strategy exhibits
lower THD as compared to other methods proposed in the literature.
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4.8. Transient performance and key performance indicators

Since the purpose is to achieve rapid and robust transient responses
during transient operations. The proposed control scheme has been
effective in maintaining accurate tracking performance even in the event
of challenging transient periods during load transitions. The robustness
of the proposed control scheme can be depicted by the fact that it allows
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for tracking performance to remain during transients which implies that
minimal changes in dynamic conditions are experienced by the system
thus preserving the performance index with quick dynamic response.
This feature is essential for reliability as well as better efficiency of the
MGs system at different operating conditions. The key performance in-
dicators of the proposed control scheme are summarized in Table 6.
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Table 5
Comparative analysis of distinct control schemes.
References Control % THD of Complexity of ~ Applications
scheme VoltagesLinear Implemented
Load Nonlinear Controller
Load
[62] PI 2.92 Not elementary DG
studied applications
[63] PR 1.5 4.9 elementary UPS, MGs
[64] SMC Not 2.66 more UPS, MGs
studied
[65] Hysteresis 4.19 Not moderate General MGs
MPC studied
[66] Observer- 2.82 3.8 moderate UPS, MGs
based MPC
[67] Improved 1.06 Not moderate VSIs for
FCS-MPC studied General MGs
[68] MPC 0.98 Not moderate VSIs for
studied islanded
MGs
[69] Impedance Not 2.27 moderate VSIs for
based studied islanded
control MGs
[70] MPC 1.22 Not more VSIs for DGs
studied
[Proposed] FCS-MPC 0.86 0.98 moderate VSIs for
standalone
MGs
Table 6
Key performance indicators (KPIs).
KPI name Value Unit
Initial response time <5 milli seconds

Response time from low R load to high R load 2 milli seconds
Response time from low R load to RL load Immediately

Response time from low RL load to R load 10 milli seconds

5. Conclusion

The control scheme based on PR controller, PI controller and FCS-
MPC, along with droop control for individual VSIs was thoroughly
investigated and based on the performance of MPC for VSI, the operation
of standalone AC MGs for different varying loads was completely stud-
ied. The performance verification of controller was studied with exten-
sive testing in the MATLAB/Simulink environment. The proposed
control scheme was successfully pre-calibrated for a wide range of
conditions, including enhanced voltage regulation, precise power
sharing, and fast dynamic response for rapid load variation or transient
conditions. The prediction for the variables to be controlled is realized
by modeling the overall system. The proposed controller is supported on
a discrete set of voltage vector, it provides gate signals for switching of
the VSIs of AC MG and there is no need of any extra modulator. These
voltage vectors describe a particular aggregation of switching states of
VSIs. There is no need of traditional cascaded outer-inner loop config-
uration because the output voltage is directly regulated in this control
scheme, resulting in a great simplification of controller design and easier
retrofit to industrial controllers. The proposed approach also satisfies the
international grid codes and standards in terms of voltage stability and
total harmonic distortion of output voltages in steady state and transient
load states. In future work, an advanced control approach for three
phase VSIs can be designed and developed that will enable the same VSIs
of AC MG to work in islanded mode and grid following mode and the
controller hardware in the loop testing can also be realized.
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